Fully developed heat transfer and friction in a rectangular channel with slit-ribbed walls are examined experimentally. The slit ribs are transversely arranged on the bottom and top channel walls in a staggered manner. Effects of rib open-area ratio (/3--24%, 37%, and 46%), rib pitch-to-height ratio (Pi]H= 10, 15 and 20), and Reynolds number (10,000_
INTRODUCTION
Applying rib-turbulators on the surfaces of high heat flux devices is widely considered because it provides an abundant heat transfer enhancement. The use of solid ribs has been explored for applications such as gas-cooled nuclear reactors and gas turbine blade cooling. The ribs break up the viscous sublayer and promote local wall turbulence that, in turn, increase the heat transfer from the rough as well as smooth surfaces. Inevitably, the enhancement in heat transfer accompanies a higher pressure drop penalty of the fluid flow. Therefore, many investigations have been conducted toward establishing an optimal rib geometry which gives the best heat transfer performance for a given pumping power. Relevant geometric parameters discussed in previous works are channel aspect ratio (Han et al., 1978) , rib angle-of-attack (Han et al., 1985) , rib spacing (Liou and Hwang, 1992a) , rib height (Liou and Hwang, 1992b) , rib shape (Liou and Hwang, 1993) , and relative arrangement of ribs 284 J.-J. HWANG AND T.-M. LIOU (Lau et al., 1991) . This paper concerns the effect of slit rib-turbulators on the heat transfer and friction in a rectangular channel. Slit ribs are of great interest since they provide a substantially lower drag force in comparison with solid ribs and still provide enhanced heat transfer coefficient in comparison with the smooth-walled duct. Three main issues are provided in this study. First, experiments are conducted to examine the effect of replacing conventional solid rib-turbulators by slit rib-turbulators on the heat transfer and friction in a rectangular channel. Then, by using the average heat transfer and friction data the thermal performance comparison is made between the solid-and slit-ribbed channels under the constant pumping power condition. Finally, roughness correlations of the friction and heat transfer for turbulent flows in a rectangular channel with slit ribs are developed. Based on the law-of-the-wall similarity and the application of the heat-momentum transfer analogy (Dipprey and Sabersky, 1963) , the geometrically non-similar roughness parameters rib pitch-to-height ratio Pi/H and angle-of-attack c have been respectively correlated into the roughness functions for turbulent flow in a tube (Webb et al., 1971) and that between parallel plates (Han et al., 1985) with repeated solid-type ribs. In the current work, this concept will be extended to correlate the data for turbulent flow in a rectangular channel with repeated slit roughness by taking into account the parameter/3.
DESCRIPTION OF EXPERIMENT
The horizontal low-speed wind tunnel, as shown in Fig. 1 (1) Q conv represents the net heat transfer rate from the ribbed wall to the coolant, and is calculated by subtracting the heat loss (Qloss) from the supplied electrical power (Q). The electrical power generated from the thermofoil is determined from the measured thermofoil resistance and the current through the thermofoil on each surface. It is also checked by measuring voltage drop across each thermofoil. The effect of the temperature variation on the local thermofoil is calculated to be small and negligible. Thus, the thermofoil ensured a nearly uniform heat flux on each surface of the test duct. The heat loss can be estimated by the following equation:
Qloss-Qc+Qr/Qa.
Qc is the conductive heat loss from the back sides of the heated plates (ribbed walls) and the vertical adiabatic plates (smooth walls) to the environment, and is estimated to be less than 3% and 6%, respectively, for the range of Reynolds numbers tested. The radiative heat loss from the roughened surface to its surroundings, Qr, is evaluated by a diffuse gray-surface network (Siegel and Howell, 1981) , and is less than 0.5% of the total electrical power input. Qa is the axial conductive heat loss through upstream and downstream ends of the heated plates and is estimated to be less than 1% of the total electrical power input for Reynolds number larger than 10,000. 
where the pressure gradient, AP/AX, is evaluated by taking the ratio of the pressure difference and the distance of two pressure taps. The maximum uncertainty off is estimated to be less than 7.3% for Reynolds number greater than 10,000 by the uncertainty estimation method of Kline and McClintock (1953) . HEAT TRANSFER AND FRICTION 287 The friction data for turbulent flow in a rectangular duct with two opposite ribbed walls can be correlated by the modified equations (Han, 1988; Liou and Hwang, 1993) :
where
Similarly, heat transfer data for fully ,developed turbulent flow in a rectangular duct with two opposite ribbed walls can be correlated by the following equations (Han, 1988; Liou and Hwang, 1993) : The average Nusselt number ratios for both the slit-and the solid-ribbed walls decrease with increasing Reynolds number. It is also found that the increment of the average Nusselt number ratios for the slit-ribbed wall is higher than that of the solid-ribbed wall, and increases with increasing the rib open-area ratio. For a given Reynolds number, the level of the heat transfer augmentation of the slit-ribbed wall is about 8%, 20%, and 35% higher than that of the solid-ribbed wall, respectively, for /3= 24%, 37%, and 46% at Pi/H= 10. The higher heat transfer enhancement accompanied by the slitribbed wall may be due to the combined factors of the higher turbulent mixing of multijet-streams after the slit rib and the higher heat transfer surface area as flow through the slit ribs. It is interesting to note that the slit rib has about 2.3-fold heat transfer surface area as compared with the solid rib. Figure 4 illustrates the effects of rib open-area ratio and flow Reynolds number on the friction factor for the slit-ribbed geometry. The rib height is fixed at H/De=O.081. The pressure drops across the test channel are measured by the unheated flow conditions. It is seen from this figure that the friction factor for the slit-ribbed channel is higher than its counterpart for the smooth channel (dashedline, Blasius correlation), but lower than that for the solid-ribbed channel (dotted line, Hwang and Liou, 1995) . approximately 84%, 72%, and 60% for fl= 24%, 37%, and 46%, respectively, in the range of the Reynolds number investigated. As expected, for a given Reynolds number the friction factor decreases with increasing fl because of the less cross-sectional blockage for ribs with the larger ft. A comparison of the present data with those in the previous work is also made in Fig. 4 . In Han's work (Han, 1984) In practical applications, the thermal performance based on unit pumping (or blowing) power is widely considered. Although, the heat transfer could be enhanced with ribs applying on the channel wall, the pressure loss is inevitably increased. To keepthe fluid pumping power constant, the flow velocity must be reduced. Subsequently the average Nusselt number is reduced. Fortunately, this reduction can sometime be overcome by heat transfer enhancement which is given by rib-turbulators. The relationship of the ribbed and smooth channels for the same pumping power has been described in detail in Hwang and Liou (1995) . The pumping power required to feed the fluid through the channel is proportional to f. Re3. Thus in Fig. 5 the performance shown by the ratio of Nu/Nu' is plotted against (f/fs) 1/3. Re (denotes as Re* in Fig. 5), where Nu is the average Nusselt number for a smooth channel with the flow rate at which the pumping power is the same as that obtained in a ribbed channel. Figure 5 shows that the improvement in Nusselt number ratio of the slit-ribbed channel is more pronounced than that of the solidribbed channel (solid line, Hwang and Liou, 1995) (7) The deviation of Eq. (7) is 5% for 95% of the data shown in Fig. 6(a) . Note that R in the above equation is highly dependent on Pi/H and /3 but independent of H+, which implies that the average friction factor keeps a constant value as the Reynolds number is varied. Figure 6 (a) further shows the comparison of the present friction results with the previous correlations of the solid-ribbed geometries (Webb et al., 1971; Hwang and Liou, 1995) . Basically, these correlations are largely identical with regardless of the effect of the rib openarea ratio. The values of R given in Eq. (7) for the slit-ribbed geometry is significantly higher than those of the solid-ribbed geometry, which confirms that the lower pressure drop is accompanied by the slit-ribbed geometry. After R is correlated experimentally from Eq. (7), the friction factor can be predicted by the following procedure. As /3 and Pi/H are given, the roughness friction function is determined by Eq. (7), and subsequently the friction factor can be predicted by Eq. (6) 
The deviation of Eq. (8) is 8% for 95% of the data shown in Fig. 6(b) Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
